The present paper explores some preliminary issues concerning the operational characteristics of multiple-
Introduction
A pulse detonation engine (PDE) is an unsteady propulsive device that utilizes the pressure rise from a detonation wave to reduce pumping requirements without sacrificing overall engine pressure ratio capability.
In its simplest form, the PDE device is composed of a long tube (the detonation tube) that is closed at one end and open at the other. The propellants are fed into the tube through valves placed at or near the closed end, or distributed along the length of the tube. The cycle starts by filling the tube with fuel and oxidizer.
A critical issue in the fill process is to achieve a sufficiently uniform mixture that a detonation can be sustained throughout the tube. After the fill process is completed, a spark initiator or other device placed at some appropriate location in the tube initiates a detonation.
Practical implications favor initiation from the closed end, although alternative locations provide similar thermodynamic performance.
In typical applications, a non-trivial distance is required to achieve transition to detonation.
Once established, the detonation travels at speeds of a few kilometers per second into the combustible mixture, converting it to products in a nearly constant volume manner.
The hot gases produced by the detonation are then allowed to
exhaust through the open end of the tube during a blowdown phase to provide thrust. Following blow-down, the valves are again opened to fill the tube and the process repeats.
Reviews of previous work on PDE ' application of detonation inpropulsion andincludes the research developments in PDE's. Mostanalytical studies of PDE'shavedealtwith one-dimensional models L'4'7:°a3, although thesehavebeenaugmented by both two-dimensional models 4":2"1°and zerodimensional models I:'_°. Most previous PDE studies have focussed on gaseous applications although some recent works _ involve liquid fuels such as JP-10.
The impulse produced by a single pulse of a PDE is typically quite low. The time-averaged thrust can be increased by using a larger detonation chamber volume, by operating at higher frequencies or by operating at increased pressure levels.
An alternate way for increasing thrust is to combine multiple detonation tubes into a single engine. The individual tubes within the engine can be fed from a common inlet and discharged into a common nozzle. The use of a common inlet and nozzle may provide improved weight characteristics while also reducing the degree of unsteadiness in these components and the overall level of engine vibration.
fraction in the tubes.
The conditions at which this occurs depend on the parameters such as the common nozzle throat area, the period, and the back pressure.
In the present paper, we use two-dimensional analyses to study multiple detonation tubes firing into a common nozzle, but for reasons of computational efficiency, focus on first-pulse results rather than periodic operation.
Before presenting the multi-tube results, we first present some new single tube results to document the dominant exhaust characteristics of an isolated detonation tube.
We then extend these single-tube analyses to a multi-tube PDE environment.
The present two-dimensional, multi-tube analysis serves as a precursor for understanding the flow-field behavior in a multi-tube/common nozzle system and for developing a strategy for implementing repetitively pulsed multi-tube
computations. An H2IO2 chemical kinetics system comprised of eight chemical species (O, Oz, OH, H, HO2, H20, H202, and H2) and 16 reactions was used in all of the calculations.
In air-breathing applications, using the air supply from a common inlet to fill multiple detonation tubes reduces the drag associated with the inlet during time intervals in the cycle when none of the detonation tubes are being filled :3 and mitigates against possible unstart. Feeding the exhausts from multiple detonation tubes into a common nozzle reduces the degree of unsteadiness in the thrust and appears to improve nozzle performance.
A divergent nozzle section added to a single-tube PDE will act as a diffuser rather than a flow accelerator during large portions of the cycle when the total pressure in the unsteady exhaust stream becomes too low. Multiple tubes discharging into a common nozzle provide higher average total pressures that help to ensure that the nozzle accelerates the flow over a larger fraction of the PDE cycle. In addition, the throat of the common nozzle can be chosen to provide an effective back-pressure at the exit of the detonation tubes that increases their average operating pressure and enables them to generate more thrust. Finally, the use of multiple detonation tubes may also enable thrust vectoring and a wider throttling range. and for assessing such phenomena, the modeling must invoke multi-dimensional computations.
Single-Tube Results
To provide background for understanding the flowfield in a multi-tube PDE we first look briefly at representative results from two dimensional computations of an isolated detonation tube exhausting into a large unconfined region. The isolated tube computations involve single pulse detonations starting from an ambient pressure of 1.0 atm. The pressure in theexternal environment is likewise setat1.0atm. As with our later multi-tube results, these single-tube computations are based on a detailed hydrogen-oxygen kinetics mechanism 7 and are for a mixture at stoichiometric conditions. A parametric set of results has been obtained for three different detonation tube lengths -0.06 m, 0.12 m and 0.18 m. In general, this shock wave remains symmetric about the tube axis as it propagates away from the exit plane of the tube. The strength of the shock decreases steadily as it moves away from the tube and its radius increases. The pressure plots in Fig. 2 
Multi-Tube Model and Geometry
The unsteady, two-dimensional model has also been used to understand the operation of a multi-tube PDE with a common nozzle and to account for the effects of multiple detonation tubes exhausting through a common nozzle.
A schematic of the multi-tube configuration is shown in Figure 3 .
,,
aim where the pressure is still low. A multi-tube PDE involving a common nozzle causes a reverse flow to occur in the detonation tubes during some portions of the cycle, and the minimum pressure level in the cycle appears tobehigher thanthecorresponding value fora single tubePDE.
Thegeometry of theconfigurations considered in the present computations isasfollows (refer toFig.3. The length anddiameter of each tubeis 0.1m and 0.01 m, respectively.
The tubes are spaced one-half tube width (0.05 m) apart, and are connected to a convergingdiverging nozzle by means of a smooth contour here chosen as a second-derivative-continuous cubic section.
The throat area in three of the computations was taken equal to one-half the cross-stream area of an individual tube (a throat height of 0.005 m), while for the other two it is taken as three-fourths of their area (0.0075 m). In all cases the throat was placed at an axial distance of two tube heights downstream of the exit plane of the detonation tubes. As in the above results, a stoichiometric hydrogen-oxygen mixture at an initial pressure of 1.0 atm was used for all multiple tube results.
The five cases presented are comprised of one in which detonations are initiated in both tubes simultaneously; two cases (one for each throat area) in which a detonation is initiated in only one tube; and two cases in which detonations are initiated in both tubes in a sequential, rather than simultaneous, manner.
Representative results from these computations are discussed below.
raising the pressure and temperature inside the 'initiation' region described above and setting the products there to pure water (see Fig.  3 ). Corresponding color contour plots of both the pressure and Mach number for this simultaneous initiation case are presented in Fig. 4 In Frame A of Fig. 4 , the detonation has traveled approximately one-third the distance down the tubes. The rarefaction
wave has yet to traverse the entire initiation zone, so the pressure at the head end remains equal to the 30 atm initiation pressure.
The location of the detonation is clearly seen in both tubes.
In Frame B the detonations have just exited from the tubes and have merged into a nearly planar shock wave.
Since the medium inside the nozzle is pure oxygen, no reaction occurs and the detonation rapidly transitions to a shock wave. The results in this frame remain nearly one-dimensional in character. The early-time behavior of the simultaneous detonation problem is nearly identical to that of the isolated tube shown above, but begins to deviate rapidly as the shock waves reflect from the internal surfaces of the nozzle.
As the shock continues toward the nozzle throat, the converging geometry enhances the strength of the shock such that a high-pressure region is seen near the throat, with a considerable amount of two-dimensional structure as shown in Frame C. At this instant, the shock is just beyond the throat and is propagating toward the exit plane.
Conditions
after the shock reaches the exit plane are given in Frames D, E, and F. Comparison of these Frames with Frame C indicates a continual reduction of pressure at the nozzle exit plane following the transmission of this initial shock. A large fraction of the divergent passage is, however, filled with supersonic flow throughout this period. Also note that the Mach number contours show significant twodimensional structure near the downstream end of the tubes as reflections from the nozzle are transmitted back into the tubes. Corresponding pressure-time plots on the upstream end indicate that the pressure on this end increases more rapidly in the presence of a C-D nozzle than when an isolated tube is fired.
Results with Small Throat Area: In the second case, a detonation was initiated in only the lower tube and the ensuing reverberation of the pulse in both tubes and in the C-D nozzle was observed.
This case represents the smaller throat diameter where the throat area is half of the detonation tube area. The results for Case 2 are shown in Fig. 5, and Both the pressure and Mach number contours indicate substantial asymmetries in the flow in the divergent section that are much stronger than those observed in isolated detonation tubes, or in the simultaneous initiation case shown in Fig. 4 .
In Frame C, theshock in theupper tubehastraversed about75%of the tubelengthandis nearing the upstream end. The flow in the divergent section remains quiteasymmetric butstillshows aconsiderable amount of supersonic flow. Theshock reflection from theclosed endof theupper tubetakes place between Frames C andD. In Frame E, thepressure on the upstream walloftheupper tubeisnearly ashighasthat produced by thedetonation in Frame A. Additional details of thisaregivenlater.Thestrength oftheshock reflection off theend-wall of thenon-detonated tubeis somewhat overstated forthisrelatively short tube.As thetubelengthis increased (withno change in the nozzle section) expansion waves wouldovertake and weaken theshock before it reflects fromthehead end so that this reflectedpressure wouldbe reduced.
Additional calculations are needed to ascertain the manner in which tube length will affect the results.
In the final frame (Frame F) the pressure on the upstream end of the upper tube has decayed considerably, but remains substantially above ambient conditions. These results suggest that the determination of an optimum time for starting the fill process and initiating a detonation in the upper tube may require considerable effort. The shock reflection in the upper tube produces a considerable pressure spike on this wall. In addition, the peak pressure in the tube that has not been fired occurs at a later time than in the tube that has been fired.
The high pressure in the upper tube makes it difficult to fill that tube with a fresh propellant mixture. In fact, it is possible that the lower tube may return to conditions compatible with filling and refiring before the upper tube does. Certainly, if two (or more) tubes are to be used, it is imperative that all tubes be fired in sequence. The interplay between tubes appears to make sequencing difficult (but also makes it very important) and requires further study beyond the present manuscript.
An initial estimate of successive firing of the two tubes is given next in Case 3.
The computations in Case 3 are identical to those in Case 2 except that a detonation was initiated in the upper tube just after the detonation in the lower tube emerged from the tube exit.
The pressure and Mach number contours for this case are given in Fig. 6 , The results in Frame A correspond to conditions just after initiation in the lower tube. Frame B shows conditions just after the detonation in the upper tube has been initiated.
The detonation in the lower tube has traveled just beyond that corresponding to Frame A in Case 2 (Fig. 5 ). The primary distinction between the results in this present calculation and those in Frame A of Fig. 4 is that here the upper tube has been filled with a combustible mixture of hydrogen and oxygen just prior 
Results for Large-Throat Area:
The results of the fourth case ( Fig. 7) are similar in nature to the singlepulse results of Case 2 except that here the nozzle area has been increased by 50% so that it now corresponds to 75% of the cross-sectional area of a single tube. This allows the effects of the initial pulse to pass through the throat more readily and reduces the interactions between the two tubes.
In the presence of this larger throat, the pressure decay across both tubes due to the detonation in the lower tube occurs faster than for the smaller throat case. Comparison between the results on Fig. 7 and those on Fig. 5 shows the impact of increasing the throat area.
Note that in general the larger area results in smaller supersonic regions with lower Mach numbers in the divergent section. The pressure decay from the twotube system also occurs more rapidly for this larger throat case.
As a final comparison, the plots in Fig. 8 show results
for the large throat case for sequential detonations in both tubes.
These results are analogous to the smallthroat calculations in Fig. 6 Curve on left represents lower tube (with detonation); curve on right corresponds to upper tube (no detonation).
Time History in MuM-Tube
Calculations:
To provide more quantitative interpretations of the above computations we next present some time histories of the pressure at the mid-point of the head end. Figure 9 shows the time history of the pressure for the larger throat configuration with a detonation in only the lower tube. The results show the pressure on the centerline of both tube. The line trace that starts with a large spike on the left is the lower tube in which the detonation is initiated.
The initial 30 atm pressure corresponds to the pressure used for the numerical initiation. The line plot on the right shows the pressure in the upper tube. As can be seen, the pressure in this tube remains at one atmosphere for the first 0.1 ms during which time the detonation propagates through the lower tube, generates an external shock that expands around the center land, and then propagates upstream into the upper tube. The peak on the right indicates the pressure when this shock reflects off the head wall.
Note that this pressure is nearly as high as that generated by the initial detonation.
The rate of decay is, however, quite rapid. The introduction of fresh propellants in this tube should most likely be delayed until the pressure level has decreased to near its original level. Again, we note that the size of the throat area in the common nozzle will dictate the rate of decay is both tubes, as well as the ultimate pressure eventually established. Figure  10 shows similar results for the small throat case.
As can be seen from the figures, there is little difference between the two plots, but the decay rates are considerably slower when the throat is smaller. This strongly impacts the maximum pulse repetition rate as well as the average thrust level in the engine. show that the pressure induced in adjacent tubes by the detonation from a neighboring tube is nearly as large as that produced by the detonation itself.
The rate at which this pressure peak decays depends upon the nozzle throat area and the detonation tube length (and volume).
The results indicate that the shock wave produced by the detonation is quite capable of initiating high-speed combustion in adjacent tubes if they have all ready been filled with fresh propellants.
The likelihood of this increases as the number of tubes in a single engine is increased. Careful analysis of the unsteady flowfields is needed to ensure proper operation of multi-tube PDE systems exhausting through a common nozzle.
As contrasted with the inlet where increasing the number of tubes appears to always provide improved operation, the flow in the nozzle section may limit the maximum number of tubes in an engine.
